The sensitization of natural semiconducting anatase crystals from two different locations was investigated using a ruthenium-based dye ͑cis-di͑thiocyanato͒-bis͑2,2Ј-bipyridyl-4,4Ј-dicarboxylate͒ruthenium͑II͒, also known as N3͒. A maximum incident-photon to sensitized photocurrent conversion efficiency of 3.2 ϫ 10 Ϫ4 was measured. The crystal face dependence of the sensitization efficiency was also investigated as well as the adsorption kinetics for N3. The efficiency of sensitization of the ͑101͒ face was approximately one order of magnitude higher than for the ͑001͒ face. Various surface binding geometries for N3 on the two anatase crystal surfaces are discussed. Sensitization yields that varied by a factor of four were also observed on ͑101͒ faces depending on the identity of the crystal. Examination of the morphology of the crystal surfaces with atomic force microscopy and scanning electron microscopy indicated that differences in sensitization efficiency on different faces and crystals were not solely the result of differences in microscopic surface areas. The rise time for sensitized photocurrents decreased with higher light intensities and higher N3 coverages suggesting that trap states, associated with trapping and detrapping of injected electrons, can be saturated. The comparison of the sensitization behavior between anatase single crystals ͑natural and synthetic͒ and nanocrystalline anatase films revealed that the absorbed photon-to-current efficiency of the nanocrystalline films is approximately three to seven times greater than on single crystals. Dye sensitized nanocrystalline anatase solar cells have made great progress in both efficiency 1,2 and stability 3 in the last few years. Despite the rapid progress, there is still relatively little known about the adsorption of the ruthenium-based dyes onto the anatase surface. The most popular sensitizing dye, cisdi ͑thiocyanato͒ bis ͑2,2Ј -bipyridyl -4,4Ј -dicarboxylate͒ ruthenium ͑II͒ also known as N3, has four pendant carboxyl groups, and it can bind to a planer anatase surface with at least two but up to three of these groups. [4] [5] [6] In principle, all four carboxyl groups could be involved in bonding at step, kink, or defect sites. In a previous paper, we studied the adsorption isotherm and the kinetics of adsorption and desorption behavior of N3 with nanocrystalline anatase/rutile films.
Dye sensitized nanocrystalline anatase solar cells have made great progress in both efficiency 1, 2 and stability 3 in the last few years. Despite the rapid progress, there is still relatively little known about the adsorption of the ruthenium-based dyes onto the anatase surface. The most popular sensitizing dye, cisdi ͑thiocyanato͒ bis ͑2,2Ј -bipyridyl -4,4Ј -dicarboxylate͒ ruthenium ͑II͒ also known as N3, has four pendant carboxyl groups, and it can bind to a planer anatase surface with at least two but up to three of these groups. [4] [5] [6] In principle, all four carboxyl groups could be involved in bonding at step, kink, or defect sites. In a previous paper, we studied the adsorption isotherm and the kinetics of adsorption and desorption behavior of N3 with nanocrystalline anatase/rutile films. 7 A two-step dye adsorption mechanism was postulated, where the initial binding is through one carboxyl group with subsequent binding by a second carboxyl group. Dye ͑N3͒ coverage effects on the photon to current conversion efficiencies were also investigated by measuring the photocurrent action spectra and the optical absorbance of N3 adsorbed to the nanocrystalline TiO 2 films with various N3 coverages. The large surface area, the heterogeneous surface structure, the effect of electron transport through the films and the nanoporous nature of the films made it difficult to make definitive conclusions about coverage effects on the quantum yields and spectral response of the dye/anatase interface itself.
Herein we present results on N3 adsorption on natural crystals of anatase. There has been considerable work on the sensitization of rutile single crystals with adsorbed dyes. [8] [9] [10] [11] Often very low quantum yields per incident or absorbed photon have been measured. [12] [13] [14] Most of the dyes studied on rutile surfaces have not been covalently attached to the surface, and so the low quantum yield in these cases may be due to poor electronic overlap with the conduction band states in the rutile. There has been one study of N3 sensitization on synthetic anatase and rutile. 15 The ͑101͒ face of an anatase crystal and the ͑001͒ face of a rutile crystal were found to have similar sensitization efficiencies with adsorbed N3. 15 The difficulty of growing large anatase crystals prompted us to exploit the existence of natural anatase crystals for studying dyesensitized photocurrents. The bulk electrical properties of these crystals are likely dominated by the naturally occurring impurities in the crystals, however the surface composition and structure are expected to be less perturbed by even a few parts per thousand of impurities. The adsorption behavior of the N3 is expected to be similar to a nanocrystalline film since, on a molecular scale, a typical size nanocrystalline face (30 ϫ 30 nm) is indistinguishable from an anatase terrace on a bulk single crystal. One distinct difference between the nanocrystalline films and a bulk crystal is the existence of a space charge field in the bulk crystal. The nanocrystalline anatase particles are too small to support a depletion layer resulting from dopants since many of the particles will not contain any dopant atoms. 16 Therefore, it is interesting to compare the quantum yields obtained from the two systems.
Experimental
Natural anatase crystals were obtained from sources in Tyssedal, Norway, and Minas Gerais, Brazil. The crystal form and orientation were determined with angular X-ray diffraction ͑XRD͒ and Laue back reflection. The Norwegian anatase crystals were an acute bipyramidal habit and had a black luster. One of the Norwegian crystals is shown in Fig. 1a . All of the Norwegian crystals exhibited clearly defined ͑101͒ faces as shown in Fig. 1a . The Brazilian anatase crystals were a tabular habit and were translucent reddish brown. One of the Brazilian crystals is shown in Figure 1b . All of the Brazilian crystals exhibited one or two ͑001͒ faces and several ͑101͒ faces as shown in Fig. 1b .
The crystals were prepared as electrodes by insulating with silicone sealant ͑RTV͒. Ohmic contacts were obtained by rubbing indium-gallium eutectic alloy onto the backs of the crystals, and then securing them to copper disks with silver epoxy ͑Tricon͒. MottSchottky measurements were performed with a PAR 173 potentiostat/galvanostat, Stanford Research Systems SR 530 lock-in amplifier, and a computerized control and data acquisition setup. Photocurrent/voltage curves were obtained with a PAR 174 polarographic analyzer linked to an AD Instruments MacLab running Electro-Lab data collection software. The light source for some of the quantum yield measurements was an Ion Laser Technology model 450 ASL argon ion laser operating at 514.5 nm. The diameter of the beam was 1.0 mm. The intensity of the beam illuminating the sample surface was varied from 1.0 W cm Ϫ2 to 1.9 mW cm Ϫ2 by using neutral density filters. The electrolyte for all the measurements was acetonitrile ͑analytical grade͒ with 15 mM KI and 1.5 mM I 2 . The reference electrode was a Ag/AgCl electrode in acetonitrile or a Ag/Ag ϩ in acetonitrile ͑0.1 M tetrabutylammonium perchlorate and 0.01 M AgNO 3 ͒. The counter electrode was a cylindrical section of platinum gauze.
The anatase crystals were sensitized with cis-di͑thiocyanato͒-bis (2,2Ј-bipyridyl-4,4Ј-dicarboxylate͒ruthenium͑II͒ ͑N3; purchased from Solaronix SA, Switzerland͒ dissolved in ethanol. The purchased N3 was purified in order to eliminate impurities ͑1 to 2% of dimer and trimer͒. 17 The purification procedure is as follows: 17 The received N3 ͑0.2 g͒ was dispersed in water ͑4 mL͒ and tetrabutylammonium thiocyanate ͑0.2 g͒. Tetrabutylammonium hydroxide 30-hydrate ͑0.82 g͒ was added to the N3 solution with stirring, and then filtered. The filtered N3 solution was charged onto a Sephadex LH 20 ͑70 g͒ gel column and eluted with distilled water. The main fraction was collected in a conical flask, and the pH of the solution was adjusted to pH 4.2 with 0.5 M HNO 3 . After keeping the solution in a refrigerator at 0°C for 12 h the separated solid ͑N3͒ was collected by filtration. The solid was dried under vacuum for 12 h. The yield was approximately 80%. Dye solutions were prepared in various concentrations from 0.37 mM to 38 M in ethanol. The electrodes were kept in an oven at 100°C overnight prior to the treatment with N3 to remove adsorbed water from the crystal surface. We found that this procedure increased the quantity of the adsorbed N3 on the TiO 2 surface to a level comparable to the previous experiments using nanocrystalline TiO 2 films that were sensitized immediately after sintering. 7 After heating, the electrodes were cooled for 1 min and then immersed in the dye solution. After soaking overnight, the electrodes were rinsed with ethanol to remove nonchemisorbed N3 and N3 adsorbed to the silicon sealant. Several experiments demonstrated that soaking longer than overnight in the dye solutions did not significantly increase the coverage of N3 on the anatase crystals. Photocurrent spectra were measured with a Newport 75 W tungsten halogen lamp, a Jarrel Ashe 0.25m monochromater, a Stanford Research SR 530 lock-in amplifier, SR 540 chopper, and a PAR 174 polarographic analyzer linked to a computerized control and data acquisition system. The light spot through the monochromater was focused down to 0.06 cm 2 , and the resulting light intensity was 13 mW cm Ϫ2 at 530 nm. Between sensitization experiments, adsorbed N3 was removed from the crystal surface by scrubbing with a cotton swab dipped in 2 M NaOH. Photocurrent transients were measured with the argon ion laser by utilizing an AD Instruments MacLab with Chart data collection software.
The surface morphology of the crystals was examined with scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒. The atomic force microscope was Digital Instruments/Veeco with a Nanoscope IIIA controller and a multimode base. Scanning was done with tapping mode with a J or A piezo scanner. The tips were Ultralever ͑Park Scientific Instruments͒ silicon tips with force constants of approximately 1.9 N/m. The scan size for surface roughness determination was 500 ϫ 500 nm with 512 ϫ 512 pixels per scan. The resulting resolution was approximately 1 nm, about the same size as N3 molecules.
Results and Discussion
Sensitization and surface morphology of natural anatase crystals.-The photocurrent action spectra of the anatase crystals sensitized with N3/ethanol solutions of various concentrations are shown in Fig. 2 . The maximum incident photon-to-photocurrent conversion efficiency (IPCE max ) obtained for the Norwegian anatase was 3.2 ϫ 10 Ϫ4 at 525 nm when the crystal was sensitized with a 0.37 mM N3/ethanol solution. For comparison, the maximum IPCE reported for a synthetic anatase crystal was 1.1 ϫ 10 Ϫ3 on the ͑101͒ face when treated with a 0.3 mM N3/ethanol solution. 15 More concentrated N3/ethanol solutions could not be used since this is near the maximum N3 solubility. The maximum IPCE max for the Brazilian Photocurrent action spectra of the anatase crystals sensitized with N3 solutions of various concentrations. The spectra shown with black circles, black squares, and black triangles were from the Norwegian anatase ͑the ͑101͒ face͒, and the spectrum shown with white squares was from the Brazilian anatase ͑the ͑101͒ face͒. The concentrations of the N3/ethanol solutions are: black circles, 0.37 mM; black squares, 0.13 mM; black triangles, 38 M; and white squares, 0.20 mM. The blank spectrum ͑i.e., without N3͒ with the crosses was taken on the Norwegian anatase. The blank spectrum for the Brazilian anatase is almost identical to this spectrum.
anatase was measured to be 8.0 ϫ 10 Ϫ5 on the ͑101͒ face at 535 nm when the crystal was sensitized with a 0.2 mM N3/ethanol solution. This is about one quarter of the yield of the ͑101͒ face of the Norwegian crystal. Increases in IPCE were also not observed when the Brazilian anatase was sensitized with more concentrated N3/ethanol solutions. Also, the same IPCE max value as the IPCE max for the Brazilian anatase ͑8.0 ϫ 10 Ϫ5 with a 0.2 mM N3/ethanol solution͒ was obtained for the Norwegian crystal using a 38 M N3 solution, an amount almost one fifth of the concentration needed for an equivalent sensitization yield with the Brazilian anatase.
The relationship between the IPCE max and the concentration of N3 in the sensitizing solution was plotted in Fig. 3a and b for the Norwegian and Brazilian crystals, respectively. The plot for the Norwegian anatase ͑Fig. 3a͒ was made by using the data of Fig. 2 . For nanocrystalline TiO 2 films, the relationship between the quantity of adsorbed N3 and the concentration of N3 in solution has been described with a Langmuir isotherm. 7 Extending this relationship to single crystals and assuming that the IPCE max is proportional to the quantity of adsorbed N3, the experimental data were fit to a Langmuir adsorption isotherm ͑Fig. 3a͒ as stated by Eq. 1
where is the fractional coverage, K is the adsorption coefficient ͑M
Ϫ1
͒, and C is the concentration of N3 in solution ͑M͒. Use of Langmuir isotherm is an oversimplification since the assumptions for the derivation of this isotherm are that all sites are equivalent, there is one molecule per site ͑although N3 most likely adsorbs to two or three surface sites͒, [4] [5] [6] 7 that has predominately a ͑101͒ orientation. The assumption that the IPCE is proportional to the quantity of adsorbed N3 is supported by the Langmuir relationship between the IPCE and the concentration of N3 in solution if all the adsorbed N3 molecules are equally active for sensitization. However, for a dye sensitized nanocrystalline TiO 2 system, we found that the IPCE is not linearly proportional to the quantity of adsorbed N3. 7 The plot of IPCE max vs. ͑N3͒ for the Brazilian anatase ͑Fig. 3b͒ was obtained by illuminating a sensitized crystal with an argon ion laser at 514.5 nm. Figure 3b shows that the ͑101͒ face of the Brazilian anatase was sensitized about an order of magnitude more than the ͑001͒ face of the same crystal. The crystal face dependence of the sensitization efficiency is discussed later. According to Fig. 2 , measured by illuminating with monochromatic light from a tungsten halogen lamp ͑13 mW cm Ϫ2 ͒, the IPCE max for the Brazilian ͑101͒ face was 8.0 ϫ 10 Ϫ5 . This value is four times greater than shown in Fig. 3b . This discrepancy indicates that the sensitization of the Brazilian ͑101͒ surface was probably saturated due to the high light intensity of the argon ion laser ͑1.0 W cm Ϫ2 ͒. One explanation for differences in sensitization yield between the different crystals and faces is that the microscopic surface areas could be different. The surface morphology of the Norwegian and Brazilian anatase crystals was investigated with scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒ in order to examine their surface roughness. The SEMs of the surfaces of the anatase crystals are shown in Fig. 4 . The surface of the Norwegian crystal exhibits a step-terrace structure ͑Fig. 4a and b͒. According to the Laue back reflection measurement, the majority of the surface is composed of terraces of the ͑101͒ face. The steps are thought to be the ͑001͒ faces judging from the angle between the two faces. The Brazilian crystal habit contains both ͑101͒ and ͑001͒ faces. The ͑101͒ face of the Brazilian crystal also has a different step-terrace structure than the Norwegian crystal ͑Fig. 4c and d͒. The ͑001͒ face has a flat surface with many block-like protrusions ͑Fig. 4e and f͒.
The surfaces of the anatase crystals were probed at smaller distance scales with the AFM. A Digital Instruments software routine ͑''surface area'' in ''roughness''͒ was applied to the data in order to determine the roughness on a small scale. For 500 ϫ 500 nm scans, the Norwegian anatase had a surface roughness factor, which is defined as the ratio of the measured area to the geometric area, ranging from 1.00 to 1.07 with an average of 1.02 for 10 randomly selected spots. The same geometric area of the ͑101͒ face of the Brazilian anatase had a roughness factor ranging from 1.06 to 4.00 with an average of 1.58 for the 15 randomly selected spots. The ͑001͒ face of the Brazilian anatase had a roughness factor ranging from 1.04 to 2.03 with an average of 1.10 for 10 randomly selected spots. Therefore, the surface area of the ͑101͒ face of the Brazilian anatase was on average about 1.55 times greater than that of the ͑101͒ face of the Norwegian anatase. Also, the microscopic surface area of the ͑101͒ face of the Brazilian anatase was on average about 1.43 times greater than the ͑001͒ face of the same crystal.
The IPCE max corrected for surface roughness is compared between the crystals and faces in Table I . The morphological examination indicates that the differences in sensitization efficiency between the crystals and the different faces are not solely the result of the differences in the microscopic surface areas. The ͑101͒ face of the Norwegian anatase had a sensitization efficiency four times greater than the ͑101͒ face of the Brazilian anatase despite the smaller surface roughness, resulting in approximately six times greater IPCE max /͑roughness factor͒. Also, the ͑101͒ face of the Brazilian anatase face was eight times more efficient than the ͑001͒ face when accounting for the roughness factors. Step-terrace
Step-terrace
To further study the effect of surface roughness, a ͑101͒ surface of another Norwegian anatase crystal was polished using a series of smaller mesh alumina with a final polish using colloidal silica. An AFM study revealed that the polishing with colloidal silica did not significantly change the roughness of the crystal surface. Treating the polished surface with 0.35 mM N3 solution showed an IPCE max of 4.1 ϫ 10 Ϫ4 at 520 nm, slightly greater than that of the unpolished Norwegian anatase crystal ͑3.2 ϫ 10 Ϫ4 at 525 nm, when treated with 0.37 mM N3 solution͒.
The rate of N3 dye adsorption on the anatase ͑101͒ face was studied to determine whether there were spectral changes due to the initially adsorbed dye binding to different ͑stronger͒ adsorption sites or due to dye aggregation effects at higher coverages. An experiment was done where 4.0 M of N3 was added directly to the electrolyte ͑15 mM KI and 1.5 mM I 2 in acetonitrile͒ with an untreated ͑101͒ Norwegian anatase. At this N3 concentration, the absorption of the incident light by the N3 molecules dissolved in the electrolyte is negligible ͑less than 1.3% of the incident light in the electrolyte gap between the window and the crystal͒. The electrolyte with N3 added was stirred to promote mass transfer to the surface. The IPCE max vs. time after the N3 addition is plotted in Fig. 5 . The IPCE max after about 10 min was approximately one third of the final IPCE max . Half of the final IPCE max was reached in 2 h, and the IPCE max leveled off after about 10 h. The increase in IPCE observed in this experiment is similar to the adsorption kinetics of N3 to the nanocrystalline TiO 2 film 7 that was monitored by the disappearance of N3 from an N3/ethanol adsorption solution. In our previous paper, 7 we proposed a two-step adsorption mechanism for adsorption of N3 to nanocrystalline TiO 2 N3 solution N3 surface͑1 ͒ N3 surface͑2 ͒
Less strongly Strongly bound bound ͓2͔
The scheme illustrates that a N3 molecule attaches to the TiO 2 surface first with one carboxyl group (N3 surface(1) ) followed by the second carboxyl group (N3 surface (2) ). The initial fast increase in the IPCE ͑or N3 adsorption͒ ͑Fig. 5͒ can be explained as the rapid binding of one carboxyl group of a N3 solution to a Ti 4ϩ site on the TiO 2 surface in the N3 surface (1) mode. The following much slower increase in the IPCE ͑or N3 adsorption͒ can be rationalized as the increased difficulty of finding binding sites due to a sequential binding of the adsorbed N3 in the N3 surface(1) mode with the second carboxyl group and crowding by other N3 molecules.
To examine the desorption of N3 from anatase, the IPCE of the Norwegian anatase ͑101͒ face treated with a 0.35 mM N3 solution ͑near saturation coverage͒ was measured over a 72 h period in an electrolyte ͑15 mM KI and 1.5 mM I 2 in acetonitrile͒ containing no added N3. No change in IPCE was observed over this time period, indicating that the N3 adsorption appears irreversible on this experimental time scale, even though the N3 solution and the adsorbed N3 are in equilibrium during the adsorption process. The apparent irreversibility is a result of complete desorption requiring the dissociation of at least two carboxyl groups. When one carboxyl group detaches from the crystal surface, the detached carboxyl group is likely to rebind at the same binding site or a neighboring binding site before the other carboxyl group dissociates. This is especially true in acetonitrile where there are very few species ͑such as water͒ to compete with the detached carboxyl group for the binding sites. I Ϫ and I 3 Ϫ ions have much smaller affinities for the TiO 2 surface sites when compared with COO Ϫ . On the other hand, adsorbed N3 readily desorbs from an anatase surface into water at pH higher than or equal to 7, where OH Ϫ effectively competes with the adsorbed N3 for the binding sites. In this case the reattachment of a dissociated carboxyl group will be less likely and further dissociation of additional carboxyl groups will result in N3 desorption.
The similarity of the adsorption rates on nanocrystalline TiO 2 films and the Norwegian anatase crystal suggests that the kinetics of the N3 adsorption to anatase is not greatly affected by the size of the crystals and the nanoporous morphology of the nanocrystalline films. However, the nanocrystalline TiO 2 films used for the previous adsorption experiments were produced from commercial TiO 2 ͑P25, Degussa, Switzerland, a mixture of ca. 70% anatase and 30% rutile͒. The adsorption coefficient of N3 should differ between anatase and rutile. The majority of the exposed faces of nanocrystalline anatase produced from P25 ͑Degussa͒ are the ͑101͒, 18 the predominant face of our Norwegian anatase crystals.
Aggregation of dyes on surfaces often shows large effects on the sensitization spectrum of the dye. [19] [20] [21] We compared the sensitization spectra at low coverages with the final sensitization spectrum ( ϭ 0.26) by normalizing the spectra at the wavelength ( ϭ 530 nm) of the sensitization maximum. All normalized action spectra were completely superimposible, suggesting no aggregation or interactions between adsorbed N3 molecules under these conditions.
Characterization of the bulk properties of the anatase crystals.-Several characterization methods were used to investigate the Norwegian and Brazilian anatase crystals in order to investigate the origin of the sensitization differences between these crystals. MottSchottky measurements were conducted in order to determine the flatband potentials and dopant densities for the anatase crystals. Mott-Schottky plots within the frequency range of 200 to 10 kHz were straight lines. The flatband potentials were measured to be Ϫ6.2 to Ϫ2.4 V vs. saturated calomel electrode ͑SCE͒ for the Norwegian anatase, Ϫ4.9 to Ϫ1.1 V vs. SCE for the Brazilian anatase. Most of these values are physically unreasonable and are several volts negative of the reported value ͑Ϫ0.4 V vs. SCE at pH 1͒ 15 even after accounting for the shift due to the electrolyte of our system ͑acetonitrile with KI/I 2 ͒. The frequency dependence of the flatband potential may be due to surface states, which have a time constant for electron trapping on the order of the frequency of the applied voltage function, or due to an oversimplified equivalent circuit. 22 The low slopes of the Mott Schottky plots, due to the high doping densities, lead to more uncertainty in the intercept. Much more reasonable values for the flatband potentials were obtained by measuring the onset of photocurrent in the photocurrent/voltage curves presented later. If the Mott-Schottky slopes are reliable, using the dielectric constant of 31, 23 are unreliable, the relative slopes show that the doping density of the Norwegian crystal is about five times greater than that of the Brazilian crystal when measured at the same applied frequencies. The appearance of the crystals ͑i.e., the Norwegian anatase is deep blueblack, and the Brazilian anatase is translucent reddish brown͒ may also be related to the difference in dopant density. Crystals from both locations were found to be n-type, and the doping densities for different crystals from each site were all the same within an order of magnitude.
Photocurrent/voltage curves were measured on the natural anatase crystals before and after sensitization with N3 by utilizing the argon ion laser ͑514.5 nm͒ as a light source. Both crystals exhibited a subbandgap response of 1.1 to 1.5 A cm Ϫ2 at 0 V vs. SCE under 7.6 mW illumination ͑i.e., 0.97 W cm Ϫ2 ͒ ͑IPCE: 2.7 to 3.6 ϫ 10 Ϫ6 ͒, indicating the existence of bulk or surface subbandgap states. No significant difference in subbandgap response was found between the ͑101͒ and ͑001͒ faces of the Brazilian anatase. The photocurrent/voltage curves taken after sensitization are shown in Fig. 6a and b for the Norwegian anatase and the Brazilian anatase, respectively. The flatband potentials for the Norwegian and Brazilian crystals were estimated to be about Ϫ0.85 and Ϫ0.75 V vs. SCE, respectively, from Fig. 6a and b . These values are reasonable compared with the reported value ͑Ϫ0.4 V vs. SCE at pH 1͒ 15 taking into account the shift due to the electrolyte of our system ͑acetonitrile with KI/I 2 ͒. Although the Norwegian crystal shows a sensitized photocurrent almost 20 times larger than the Brazilian crystal, the shapes of the photocurrent/voltage curves are similar. The photocurrents increase rapidly at potentials just positive of the flatband potential and plateau at about Ϫ0.5 V vs. SCE. At more positive potentials the photocurrents continue to gradually increase even at 1 V vs. SCE. The dark current is less than 16 nA cm Ϫ2 ͑see the caption of Fig. 6͒ even at 1 V vs. SCE for both crystals. The slow increase of sensitization currents with increased depletion depth in the semiconductor, and the concomitant increase in the electric field gradient at the surface, can be explained by an increased escape probability for trapped electrons, indicating that there is significant recombination of the injected electrons.
Energy dispersive spectroscopy ͑EDS͒ analysis was utilized to determine the impurities that may act as dopants and recombination centers in the crystals. Tungsten, mercury, platinum, and vanadium were detected in the Norwegian crystal in the near surface region, and aluminum, silicon, sulfur, copper, tungsten, mercury, and vanadium were detected in occlusions near the crystal surface. Due to the relatively low intensity of the signals, no attempt at quantitative measurement of the impurity concentrations was made. The EDS analysis of the Brazilian crystal did not detect any elements other than titanium and oxygen. A dopant density of 10 19 cm Ϫ3 results in a calculated percentage of the impurities of about 0.01 mol % when using the specific gravity 3.84 g cm Ϫ3 and molecular weight for anatase of 79.88 g mol
Ϫ1
. 24 Even though only electrically active impurities are measured with the Mott-Schottky measurements, it is not unreasonable that the impurities for the Brazilian crystal, 4.3 ϫ 10 18 to 1.9 ϫ 10 19 cm Ϫ3 with the Mott-Schottky measurements, were not detected with EDS.
One possible explanation for the greater IPCE max for the Norwegian ͑101͒ face over the Brazilian ͑101͒ face, even though both surfaces have the same value for N3 adsorption coefficient, may be the difference in the dopant densities. According to the MottSchottky measurements, the Norwegian crystal has a dopant density about five times higher than the Brazilian crystal. The higher dopant density makes the space charge region narrower, resulting in a higher near-surface electric field gradient. The higher field gradient results in a greater driving force for injected electrons to be driven away from the surface. Therefore, the probability of recombination of injected electron with I 3 Ϫ or oxidized dye may be lower at the Norwegian anatase surface than the Brazilian anatase surface, resulting in the greater IPCE for the Norwegian anatase. The greater sensitization yield with higher doped semiconductors was predicted with a one-dimensional Onsager model published by Spitler.
25
The crystal face dependence of dye sensitization.-The crystal surface orientation determines the microscopic surface area, the Ti site density, and the Ti coordination. The surface chemistries will affect the rates and mechanisms of adsorption and desorption reactions. Recently, the orientation dependence of reactivity and charge transfer processes on anatase single crystals was reported. 26 Lithium insertion was observed to be more favorable on the ͑001͒ surface than the ͑101͒ surface due to the more open structure of the anatase lattice in the c axis direction. 26 Water reduction and photo-oxidation were found to occur at slightly more negative potentials for the ͑001͒ surface than for the ͑101͒ surface. 26 The difference in the electrochemical and photoelectrochemical reactivities was explained by the more negative flatband potential for the ͑001͒ surface due to the different chemisorption of water on the crystal surfaces. 27 The orientation dependence of photochemical reactions on rutile surfaces has also been reported. 28 The ͑101͒, ͑111͒, and ͑001͒ rutile orientations were found to have greater rates of photoreduction of Ag ϩ to Ag metal from an aqueous solution than the ͑100͒ and ͑110͒ orientations. 28 The orientation dependence of the photochemical re- ͒. The measured currents were multiplied by 127 in order to convert to current densities. However, dark current is generated from the total crystal area exposed to the electrolyte ͑approximately 1 cm 2 ͒. Therefore, the dark currents are accentuated by a factor of 127. The dark currents of approximately 2 A cm Ϫ2 at 1.0 V vs.
SCE in a and b, are actually less than 16 nA cm Ϫ2 in the illuminated region.
action rates was explained by the orientation dependence of the surface structure, surface chemistries, and space charge potentials. Studies of rutile single crystals with the ͑001͒ orientation revealed that the coordination environment of individual Ti ions was the primary determinant of the product distributions in the photo-oxidation of primary alcohols and carboxylic acids. 29, 30 Space charge potentials, which can play a significant role in determining the photochemical reaction rates, are dependent on dielectric constants, which are known to differ with crystallographic direction ͑i.e., for rutile, ϭ 173 parallel to ͓001͔ and 87 parallel to ͓100͔͒.
31,32
The different sensitization yields between the ͑101͒ and ͑001͒ natural anatase faces can be attributed to differences in N3 adsorption to the different faces. The adsorption could be related to the differences in the spacing of the two or more binding sites needed for strong N3 surface binding. There are several possible binding modes for the carboxyl group of N3 to the unsaturated surface Ti atoms, an ester-like linkage 33 or a bridging configuration ͑i.e., two Ti 4ϩ sites bound to one carboxyl group͒. 34a The distances between Ti 4ϩ sites are critical for binding in the bridging mode. The ͑101͒ surface of anatase has half penta-and half hexacoordinate Ti atoms ͑Fig. 7a.i͒ while the ͑001͒ surface of anatase has all pentacoordinate Ti atoms ͑Fig. 7a.ii͒. We assume that only pentacoordinate Ti atoms can act as binding sites. The shortest distance between the pentacoordinate Ti atoms is 3.78 Å ͑the a axis dimension͒ for both surfaces.
Judging from the Ti-O and C-O bond lengths and the angles of Ti-O-C and O-C-O bonds, N3 can bind in the bridging mode to both surfaces. 6 The density of pentacoordinate Ti on the ͑001͒ surface is 1.3 times higher than that of the ͑101͒ surface.
N3 can bind to the anatase surface with three possible combinations of two carboxyl groups. 6 These three combinations are: ͑i͒ two carboxyl groups of the same bipyridyl ligand ͑Fig. 7c.i͒, ͑ii͒ two carboxyl groups in the long molecular axis ͑Fig. 7c.ii͒, and ͑iii͒ two carboxyl groups in the short molecular axis ͑Fig. 7c.iii͒. 6 The distances between the oxygen atoms involved in binding are then 6.2, 10.0, and 9.8 Å, respectively. 6 Assuming that no surface reconstructions are present on the anatase surfaces, the distances between pentacoordinate Ti sites that are close to the distances between the oxygen atoms of the carboxyl groups, are 5.44, 7.56, 7.63, 10.2, and 10.7 Å for the ͑101͒ surface ͑Fig. 7b.i͒, and 5.35, 7.56, and 10.7 Å for the ͑001͒ surface ͑Fig. 7b.ii͒. By comparing the distances between oxygen atoms and the distances between pentacoordinate Ti sites, the binding with two carboxyl groups of the same bipyridyl ligand ͑Fig. 7c.i͒ seems to be difficult on either surface. The smallest differences between the distances are 0.75 Å on the ͑101͒ face and 0.85 Å on the ͑001͒ face, differences that are too large for unstrained bond formation. Alternatively, binding of two carboxyl groups from different bipyridyl ligands ͑Fig. 7c.ii and iii͒ seems possible on the ͑101͒ surface. The smallest mismatch in the distances are 0.2 Å for Figure 7 . Structural models of anatase surfaces and possible bidentate binding combinations for carboxylate groups from N3. ͑a͒ Crystal structure models of the ͑101͒ and ͑001͒ faces of anatase. Small black spheres are titanium atoms, and large gray spheres are oxygen atoms. The numbers with arrows are the coordination numbers of titanium atoms within the row ͑i.e., 5, pentacoordinate Ti; 6, hexacoordinate Ti͒. ͑i͒ the ͑101͒ surface, ͑ii͒ the ͑001͒ surface. ͑b͒ The distances between pentacoordinate Ti sites. Black dots are pentacoordinate Ti. The numbers near the bottom are the coordination numbers of titanium atoms of the row ͑i.e., 5, pentacoordinate Ti; 6, hexacoordinate Ti͒. The broken lines represent no titanium atoms in the row. ͑i͒ The ͑101͒ surface has a lattice of dimensions ͉a͉ ϭ 3.78 Å ͑equals a or b of the anatase crystal͒ and ͉b͉ ϭ 10.2 Å ͑corresponds to the ͉a ϩ c͉ of the anatase crystal͒. 6 Distances between adsorption sites close to the distances between the oxygen atoms of the carboxyl groups are 5.45 Å (͉0.5a ϩ 0.5b͉), 7.63 Å (͉1.5a ϩ 0.5b͉), 10.2 Å (͉b͉), and 10.7 Å (͉2.5a ϩ 0.5b͉). ͑ii͒ The ͑001͒ surface has a lattice of dimensions ͉a͉ ϭ ͉b͉ ϭ 3.78 Å. Distances between adsorption sites close to the distances between the oxygen atoms of the carboxyl groups are 5.35 Å (͉a ϩ b͉), 7.56 Å (͉2a͉), and 10.7 Å (͉2a ϩ 2b͉). ͑c͒ Possible combinations of carboxyl groups of N3 for bidentate chelating binding. 6 ͑i͒ two carboxyl groups are of the same bipyridyl ligand, ͑ii͒ two carboxyl groups in the long molecular axis, ͑iii͒ two carboxyl groups in the short molecular axis. binding with two carboxyl groups along the long molecular axis ͑Fig. 7c.ii͒, and 0.4 Å for binding with two carboxyl groups along the short molecular axis ͑Fig. 7c.iii͒.
In contrast, the ͑001͒ surface does not easily accommodate these modes of N3 binding, since the smallest differences between the distances are 0.7 and 0.9 Å. Thus, the greater sensitization yield of the ͑101͒ surface may be explained by the stronger binding of N3 in bidentate modes, whereas on the ͑001͒ surface the N3 can bind with only one carboxyl group, leading to either desorption when put into an electrolyte or weaker electronic coupling to the surface.
The different faces will have different densities and energy levels of surface states due to the different termination of the surface. These differences in surface states may contribute to different surface recombination rates. However, a recent publication showed very similar efficiencies and current voltage curves for water oxidation by UV illumination of the ͑101͒ and ͑001͒ faces of synthetic anatase crystals, 26 indicating that the surface recombination velocity of photogenerated valence band holes are not radically different between the two faces. However, our more impure natural crystals may have a surface state that is associated with impurities.
The mode of binding of the dye, via one, two, or three carboxylate groups, may also influence the electron transfer from the dye to the conduction band of anatase. It is conceivable that the more ligand connections to the semiconductor, the more facile the electron transfer. Variation of the number and placement of carboxylate groups on N3-like molecules may provide an answer to this question. However, the electron transfer from N3 to the conduction band of nanocrystalline anatase is so fast ͑measurements of 40 to 150 fs have been reported 34b ͒ that even slowing it by one order of magnitude may not influence the quantum yield and thus the operation of the cell. We are initiating scanning probe microscopy experiments to examine the structure and binding mode of the dye on a molecular level.
Sensitization photocurrent transients.-Trapping states can often be detected, and their time constants can be determined by transient or frequency domain techniques. We measured the rise and decay times for the sensitization currents on our natural anatase crystals. A typical rise and decay of the photocurrent for the Norwegian anatase crystal sensitized with a 0.13 mM N3 solution, corresponding to a 0.6 monolayer N3 coverage ͑Fig. 3a͒, was monitored under illumination with an argon ion laser ͑514.5 nm͒. The rise time was defined as the time necessary to reach 63% ͑i.e., 1 Ϫ e Ϫ1 ͒ of the steadystate photocurrent. 35 The light was manually shuttered, resulting in a rise time and decay time of 0.25 ms for the light pulse. The rise time of the sensitized photocurrent was measured to be 2 ms at 0.97 W cm Ϫ2 and 19 ms at 15 mW cm Ϫ2 ͑Fig. 8a and b͒. The analysis of the transient photocurrents will be more difficult if the sensitized steady-state photocurrent is not linear with light intensity. A photocurrent fall off at higher intensities could be the result of N3 bleaching. A linear relationship between the sensitized photocurrent for Norwegian anatase and the light intensity was measured and is shown in Fig. 9 , suggesting that bleaching is not important at the light intensities used. Since the regeneration of the oxidized N3 occurs on a time scale of 10 8 s Ϫ1 , 2 and we have sufficient iodide concentration in the electrolyte, bleaching would not be expected.
The relationship between the rise time of the sensitized photocurrent and the light intensity is shown in Fig. 10 . Without adsorbed dye the rise time of subbandgap photocurrent was 20 ms, much slower than the sensitized photocurrent. This observation suggests that the majority of the traps cannot be directly excited with 514.5 nm excitation ͑2.4 eV͒, implying that the majority of the traps are at energies within 0.8 eV of the conduction band minimum or have very small absorption cross sections. The dye sensitized photocurrent had a shorter rise time, that was almost independent of the surface coverage ͑2 to 2.5 ms at 0.3 W cm Ϫ2 ͒ although at lower surface coverages, the rise time increased to 6 ms at 0.3 W cm Ϫ2 . A light intensity dependence of the rise time has also been reported for nanocrystalline TiO 2 films. 38, 42 The shortening of the rise time with the higher light intensity is explained by the faster saturation of the traps with the higher photon and subsequent electron flux. The faster rise time at the higher dye coverage can also be explained by the faster trap filling since there is a higher photocurrent. The observed light intensity dependence and dye coverage dependence of the sensitized photocurrent rise times for the Norwegian anatase is consistent with the involvement of a trapping/detrapping mechanism in the electron transport in these crystals as illustrated in Fig. 11 . Rates for the trapping and detrapping of injected electrons in the millisecond time scale are indicated with r trap and r esc/trap . The rise and decay times of the transients are in the same time scale as those reported for nanocrystalline TiO 2 films. [36] [37] [38] [39] The slow electron transport through nanocrystalline TiO 2 films has been explained by two characteristic aspects of these films. The first aspect is that the electron transport through nanocrystalline TiO 2 films is driven mainly by the diffusion of electrons. This is because the nanocrystallites are too small to have enough ionized impurities to form a depletion layer inside the particles. The result is the absence of an electrical field to drive the electron transport. 16 ͑The diffusion of electrons through the nanocrystalline film is expected to be slower than in a single crystal of comparable thickness due to scattering at grain boundaries.͒ The second aspect is that trapping and detrapping 40, 41 of electrons in bulk or surface states plays a significant role in the electron transport process. Because of the high surface area of the nanosize particles, the nanocrystalline film should have a higher number of surface states when compared to a single crystal. However, it is difficult to compare the number of bulk trap states between the natural crystals and the nanocrystalline film. The photocurrent reaches a steady state when the surface state and/or bulk state trapping and detrapping reaches a steady state. It appears that the slow growth and decay of the photocurrent for the Norwegian anatase indicates the involvement of trapping and detrapping mechanisms. Since the Norwegian anatase is a naturally formed crystal, impurities or defects in the bulk crystal may be acting as traps.
Comparison of sensitization behavior between the anatase natural (and synthetic) crystals and nanocrystalline TiO 2 films.-In this section we compare the quantity of adsorbed N3, the IPCE, the optical absorbance, the light harvesting efficiency ͑LHE͒, and the absorbed photon to current efficiency ͑APCE͒ for the Norwegian anatase crystals and the TiO 2 nanocrystalline films. This comparison is useful to see if the high performance of the TiO 2 nanocrystalline films can be solely attributed to their high surface areas. The data for the nanocrystalline films are from our previous work, 7 but these values are similar to other published values. 2 The results of the comparison are tabulated in Table II . First, the relationship between , and S 0 are the excited state, the oxidized state, and the ground state of the dye, respectively. r inj : electron injection rate to the conduction band of the anatase crystal from the excited dye; r esc : escape rate of injected electrons to the bulk; r trap : trapping rate of injected electrons by the traps; r esc/trap : escape rate of trapped electron in the traps to the bulk ͑the detrapping process͒. r rec/trap : recombination rate of trapped electron from the traps with I 3 Ϫ and/or the oxidized dye. ͒ that was obtained from a direct measurement of the uptake of N3 by the nanocrystalline film. 7 The comparison indicates that the nanocrystalline TiO 2 film adsorbed approximately 900 times more N3 molecules than the Norwegian anatase on a geometric surface area basis. However, the nanocrystalline TiO 2 film exhibited an IPCE max approximately 2300 times greater than that of the Norwegian anatase.
Second, the absorbance of adsorbed N3 and the LHE were measured in order to examine the internal conversion efficiencies of both systems. LHE ͑͒ is the fraction of the incident photons that are absorbed by the N3 and is calculated from Eq. 3
where Abs ͑͒ is the optical absorbance of the adsorbed N3 at the particular wavelength. The maximum absorbance of the N3 adsorbed on the nanocrystalline TiO 2 film was previously measured to be 0.7 with diffuse reflectance spectroscopy. 7 The absorbance of the N3 adsorbed on the Norwegian anatase was calculated from the following equation
where ⌫ is the surface coverage ͑mol cm
Ϫ2
͒ and ͑͒ is the absorption cross section ͑cm 2 mol Ϫ1 ͒. 15 The surface coverage was estimated to be 9.2 ϫ 10 Ϫ11 mol cm Ϫ2 using a molecular area of 180 Å 2 . 15 The absorption cross section, ͑͒, was calculated to be 1.4 ϫ 10 7 cm 2 mol Ϫ1 at 534 nm from the extinction coefficient at the absorption maximum for N3 dissolved in ethanol ͑1.42 ϫ 10 4 M Ϫ1 cm Ϫ1 at 534 nm͒, 2 assuming that the absorption coefficient of N3 does not change upon the adsorption to the anatase surface.
b Equation 3 yields an LHE max of 0.8 for the nanocrystalline TiO 2 film and 0.003 for the crystal. The ratio of the LHE max values is 260, about one third of the ratio of the amount of adsorbed N3 to the IPCE max . This smaller ratio is expected since the many layers of N3 in the illuminated side of the nanocrystalline film can absorb only the transmitted portion of the incident light. In other words, one thousand layers of N3 will not absorb one thousand times more photons than one layer of N3.
Finally, the APCE for the two systems was compared. The APCE is the ratio of the number of electrons at collected at the back contact to the number of photons absorbed by the dye. Equation 5 describes the relationship between IPCE ͑͒, LHE ͑͒, and APCE ͑͒ IPCE͑ ͒ ϭ LHE͑ ͒ ϫ APCE͑ ͒ ͓5͔
Substituting Eq. 3 into Eq. 5, the APCE ͑͒ is obtained from Eq. 5
APCE͑ ͒ ϭ IPCE͑ ͒/͑ 1 Ϫ 10 ϪAbs͑ ͒ ͒ ͓6͔
The calculated APCE max is 0.77 for the nanocrystalline film and 0.11 for the Norwegian anatase. The ratio of the APCE max values is 7.0, indicating greater charge injection and/or collection efficiencies for the nanocrystalline film when compared to the single crystal. The greater APCE for the nanocrystalline system is counterintuitive because the greater number of surface states and grain boundaries as well as the absence of a space charge layer are expected to lower the APCE of a nanocrystalline films. A greater APCE for nanocrystalline TiO 2 films was also measured by Kavan et al. 15 The ratio of APCE max values from their data was calculated to be 2.7 as shown in Table II .
The lower APCE max values for the single crystals could be due to several factors. The identity of the trap state͑s͒ in the natural crystals is probably different than in the nanocrystalline films that are prepared from high purity materials, despite the similar time constants for trapping and detrapping. It appears that the traps in the crystals are more potent recombination centers than in the nanocrystalline films. A different chemical nature and the less efficient charge screening by electrolyte ions may result in more recombination of injected electrons in the single crystal since the greater proximity of electrolyte ions to the bulk of the nanocrystalline films may make charge screening much more effective in this system.
Another possibility is that the N3 is not bound as effectively to the natural anatase crystal surface. The best efficiencies on nanocrystalline films result from treating freshly sintered films in dye solutions. The absence of adsorbed water and other impurities are thought to promote effective binding of the N3. The single crystal surfaces are chemically treated before each adsorption experiment but the surfaces are probably much more damaged and contaminated than the pristine surface of a fresh nanocrystalline film. Even though the isotherms and adsorption kinetics point to monolayer like coverage, the surface could either be covered by less than a monolayer of N3 or many of the dyes adsorb to sites that are ineffective for charge injection.
We have also observed that the dye morphology also plays an important role for efficient electron collection on the van der Waals surface of SnS 2 crystals. However, good crystal surface quality and careful control of the dye morphology can result in an APCE of 100% on this surface. 19, 44, 45 We are now investigating dye adsorption to more carefully prepared synthetic oxide single crystal surfaces to further elucidate these effects on oxide surfaces.
Conclusion
Natural anatase crystals from several sources were sensitized with the ruthenium-based dye ͑N3͒ and showed a maximum IPCE of 3.2 ϫ 10 Ϫ4 , about one third of the value for a synthetic anatase single crystal. The sensitization efficiency varied among the different crystals and crystal faces. Morphological examination with AFM indicated that these differences in sensitization between the crystals and the faces were not solely the result of surface area differences. An explanation for the face dependence of sensitization efficiency was proposed by examining the surface structure of the ͑101͒ and ͑001͒ faces of anatase and modeling binding via two carboxylates on the N3 molecules. The natural anatase crystals exhibited a millisecond time scale transient for the onset and decay of the sensitized photocurrent. The rise time became shorter with increasing light intensity and dye coverage. These observations suggest trapping and detrapping of injected electrons in traps at or near the surface of the crystals plays a significant role in the electron transport in the natural anatase as well as in nanocrystalline anatase films. It was determined that the calculated APCE for the nanocrystalline films is approximately three to seven times greater than that for the single crystals.
